Vulnerability segmentation (VS) has been widely suggested to protect stems and trunks from hydraulic failure during drought events. In many ecosystems, some species have been shown to be non-segmented (NS species). However, it is unclear whether drought-induced mortality is related to VS. To understand this, we surveyed the mortality and recruitment rate and measured the hydraulic traits of leaves and stems as well as the photosynthesis of six tree species over five years (2012)(2013)(2014)(2015)(2016)(2017) in a savanna ecosystem in Southwest China. Our results showed that the NS species exhibited a higher mortality rate than the co-occurring VS species. Across species, the mortality rate was not correlated with xylem tension at 50% loss of stem hydraulic conductivity (P 50stem ), but was rather significantly correlated with leaf water potential at 50% loss of leaf hydraulic conductance (P 50leaf ) and the difference in water potential at 50% loss of hydraulic conductance between the leaves and terminal stems (P 50leaf-stem ). The NS species had higher Huber values and maximum net photosynthetic rates based on leaf area, which compensated for a higher mortality rate and promoted rapid regeneration under the conditions of dry-wet cycles. To our knowledge, this study is the first to identify the difference in drought-induced mortality between NS species and VS species. Our results emphasize the importance of VS in maintaining hydraulic safety in VS species. Furthermore, the high mortality rate and fast regeneration in NS species may be another hydraulic strategy in regions where severe seasonal droughts are frequent. of hydraulic conductance between leaves and terminal stems (P 50leaf-stem ), which shows hydraulic vulnerability segmentation (VS) [14, 15] . Leaves may act as a "safety valve" to protect stems and trunks from hydraulic failure during drought events. Plants tend to sacrifice the phenotypically plastic leaves and maintain carbon-cost branches and trunks [16] . In addition, leaf shedding may prevent catastrophic hydraulic failure and maintain hydraulic safety in stems during seasonal droughts [7, [17] [18] [19] [20] . However, some tree species have been indicated to lack vulnerability segmentation (NS species), not only in humid tropical and subtropical forests [21, 22] , but also in arid savanna ecosystems [20] and in temperate mixed forests [23] . NS species have been found in both deciduous and evergreen woody species [24] [25] [26] [27] [28] [29] [30] , while a few have also shown that herbaceous species were also non-segmented species [31] . These NS species may exhibit compensatory hydraulic strategies to cope with drought stress such as leaf shedding, deep roots, greater xylem hydraulic conductivity, and greater water storage in sapwood [22, 23, 32, 33] .
Introduction
In the context of climate change, longer and more intense droughts have been projected [1] , and widespread vegetation mortality will be induced by ongoing drought events [2, 3] , which may drive rapid shifts of vegetation structure and species composition [4, 5] . During droughts, the long-distance water transport pathway may be impaired by air-seeded embolisms in xylem conduits [6] [7] [8] . Prolonged drought may induce hydraulic failure, which is related to canopy dieback, and even widespread plant mortality [9] [10] [11] .
Plants employ a range of adaptive strategies to maintain hydraulic safety during drought events. During a midday water deficit, stomatal control regulates leaf transpiration and maintains the diurnal integrity of the water transport pathway [12, 13] . In general, leaves are more vulnerable to drought-induced embolism than stems due to positive differences in the water potential at 50% loss
Plant Materials
At the end of 2011, a 1 ha (100 × 100 m) long-term plot was built for a savanna ecosystem. This plot was divided into 100 subplots of 10 × 10 m. All individuals with a diameter in breast height (DBH) of ≥1 cm were identified, measured, and mapped in the middle of the rainy season (July-August) of 2012. There were 23 tree species in this plot. In order to avoid the randomness of tree growth and mortality caused by small samples (n < 50), we selected six tree species with more than 50 individuals per species: Bauhinia brachycarpa (Bb, Leguminosae Family), Woodfordia fruticosa (Wf, Lythraceae Family), Campylotropis delavayi (Cd, Leguminosae Family), Polyalthia cerasoides (Pc, Annonaceae Family), Lannea coromandelica (Lc, Ebenaceae Family), and Diospyros yunnanensis (Dy, Ebenaceae Family) ( Table S1 ). The mortality and recruitment were re-surveyed in the middle of the rainy season of 2017. Both plot surveys were carried out during the plant growth seasons. Plants were recorded as dead if no leaves or living buds and dried inner bark and cambium were observed [5, 35] . Many factors may contribute to tree mortality such as drought, heat stress, and insect attacks [36] . However, there was neither insect outbreak nor heat wave in this region during 2012-2017, thus, the tree mortality was attributed to seasonal drought. The mortality rate (MR, %) and recruitment rate (RR, %) were determined as follows [37] :
where N 0 is the number of living individuals in 2012; Nt is the number of living individuals in 2017; and St is the number of living individuals in both 2012 and 2017. In this study, the survey interval was five year, thus, T = 5. The abbreviation of functional traits is in Table 1 . 
Vulnerability Curves of Leaf and Stem
Terminal branches with fully sun-exposed and healthy leaves from the upper canopy were used to determine the hydraulic traits of the leaves and stems. During the 2014 rainy season (July-August), five terminal branches were sampled from 3-5 individuals per species for predawn analysis. The branch cut ends were sealed with moist towels and transported in a sampling box to the laboratory as soon as possible. The leaf water potential (ψ pd ) of sampled leaves were measured and summarized in Table S2 .
Leaf vulnerability curves were determined according to the method described by Franks (2006) [38] . Healthy, mature leaves were submerged in water to rehydrate, then leaves were placed on a laboratory bench to obtain different leaf water potentials. Initial leaf water potential (Ψ 1 ) was measured using a pressure chamber (PMS, Corvallis, OR, USA), allowed to equilibrate for 2 min, and then the pressure was increased to a higher value (Ψ 2 ). We collected the extruded xylem sap from petioles within 10 s and measured its sap mass (SM). The leaf area (LA) was determined with a Li-3000A leaf area meter (Li-Cor, Lincoln, NE, USA). K leaf was determined as follows
where the parameter M is the molar mass of water (18 g mol −1 ). The relationships between K leaf and Ψ leaf were fitted to a sigmoidal curve ( Figure S2 ), and the leaf water potential at 50% loss of K leaf (P 50leaf ) was derived from the fitted equation. The air injection method was used to measure stem vulnerability curves [39] . First, the maximum vessel length (MVL) for each species was determined using the air injection method [40] . Then, stem segments longer than the MVL were used to determine stem hydraulic conductivity (Table S2) , which may avoid an open-vessel artefact [41] . We re-cut the stem ends under distilled water and shaved them with a sharp razor blade. A pressure of 0.1 MPa was used to flush the stems with potassium chloride solution (KCl) for at least 20 min to remove air embolisms. Stem hydraulic conductivity was measured using the method described by Sperry and Tyree (1988) [42] . An elevated water pressure was used to drive the flushing solution (0.1 mol L −1 KCl solution) through the segments. Hydraulic conductivity per unit pressure gradient (K h , kg m s −1 Mpa −1 ) is equal to the ratio between the water flux through an excised stem segment and the pressure gradient causing the flow. Afterward, the sapwood of the segment was flushed with a methyl blue solution and the cross-sapwood area (A S , mm 2 ) was calculated as the mean value of the cross section of the two ends of the stem segment. Total distal leaf area (A L , m 2 ) for every terminal stem was determined, and the dry mass (DW) of the leaves was determined after drying at 70 • C for 48 h. Leaf mass per area (LMA, g cm −2 ) was calculated as DW/A L . The Huber value (HV, mm 2 m −2 ) was calculated as A S /A L . Sapwood-specific hydraulic conductivity (K S , kg m −1 s −1 MPa −1 ) was calculated as K h /A S . Specific leaf hydraulic conductivity (K L , kg m −1 s −1 MPa −1 ) was calculated as K h /A S .
The above segments were inserted into a pressure chamber (PMS, Corvallis, OR, USA) with both ends protruding. Cavitation was successively induced by this chamber, and hydraulic conductivity was re-measured after equilibrating the segments. This process was repeated until higher than 80% of the maximum K S was lost. A vulnerability curve was fitted by a sigmoidal function [43] .
where PLC (%) is the percentage loss in stem hydraulic conductivity; P is the xylem water potential; and the parameters a and b are the maximum slope of the curve and xylem water potential at 50% loss of hydraulic conductivity (P 50stem ), respectively ( Figure S3 ).
Vulnerability Segmentation
The difference in water potential at 50% loss of hydraulic conductance between leaves and stems (P 50leaf-stem ) was quantified. Positive and negative values of P 50leaf-stem indicated VS and NS species, respectively [44] .
Sapwood Density
The segments used for hydraulic conductivity measurement were used to measure the sapwood density (ρ sapwood , g cm −3 ). After removing the bark and pith, the volume of the fresh sapwood (V sapwood ) was measured using the water displacement method. The sapwood samples were dried in an oven at 70 • C for 72 h and then the dry mass (DW) was determined with a balance (±0.0001 g). The ρ sapwood was calculated as DW/V sapwood .
Leaf Gas Exchange Measurements
In the middle of the rainy season, leaf gas exchange was measured from six sun-exposed leaves of three trees per species using a portable photosynthesis system (LI-6400XT, Li-Cor, Lincoln, NE, USA) between 9:00-11:00 on sunny days. The maximum net photosynthetic rate (A max ) and stomatal conductance based on leaf area (g s ) were determined under a CO 2 concentration of 400 µmol m −2 s −1 and ambient air temperature of 25-30 • C. The photosynthetic photon flux density was set to 1200 µmol m −2 s −1 .
Statistical Analyses
Statistical analyses were performed using the SPSS version 16.0 software package (SPSS, Chicago, IL, USA). The relationships between the traits were analyzed using cross-species Pearson correlations. The differences in tree mortality rate, and the hydraulic and photosynthetic traits between NS species and VS species groups were assessed using independent sample t-tests. Moreover, a principal component analysis (PCA) was performed across traits and species. The significance level was set to α = 0.05.
Results

Hydraulic and Photosynthetic Traits
Six tree species showed great variation in hydraulic vulnerability, namely, the values of P 50stem and P 50leaf ranged from −3.44-−1.74 MPa, and −3.71-−1.05 MPa, respectively (Figure 1a,b ). Linking the values of P 50stem and P 50leaf for each species, negative values of P 50leaf-stem were observed for B. brachycarpa (−1.02 MPa), W. fruticosa (−0.54 MPa), and C. delavayi (−0.83 MPa), which indicates that these tree species lacked vulnerability segmentation (NS species). In contrast, positive values of P 50leaf-stem were found for P. cerasoides (1.21 MPa), L. coromandelica (0.69 MPa), and D. yunnanensis (0.76 MPa), which indicates that these tree species had vulnerability segmentation (VS species) between the leaf and stem (Figure 1c ). On average, NS species had a significantly lower P 50leaf and P 50leaf-stem than the VS species (P < 0.05, Table 2 ), however, P 50stem did not differ significantly between the NS species and VS species (P > 0.05, Table 2 ). In comparison to VS species, NS species had significantly higher values of HV, A max , and g s (P < 0.05, Table 2 ). Values of K s , K L , ρ sapwood , and LMA were not significantly different between the NS species and VS species. 
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Hydraulic and Photosynthetic Traits
Six tree species showed great variation in hydraulic vulnerability, namely, the values of P50stem and P50leaf ranged from −3.44-−1.74 MPa, and −3.71-−1.05 MPa, respectively (Figure 1a,b ). Linking the values of P50stem and P50leaf for each species, negative values of P50leaf-stem were observed for B. brachycarpa (−1.02 MPa), W. fruticosa (−0.54 MPa), and C. delavayi (−0.83 MPa), which indicates that these tree species lacked vulnerability segmentation (NS species). In contrast, positive values of P50leaf-stem were found for P. cerasoides (1.21 MPa), L. coromandelica (0.69 MPa), and D. yunnanensis (0.76 MPa), which indicates that these tree species had vulnerability segmentation (VS species) between the leaf and stem (Figure 1c ). On average, NS species had a significantly lower P50leaf and P50leaf-stem than the VS species (P < 0.05, Table 2 ), however, P50stem did not differ significantly between the NS species and VS species (P > 0.05, Table 2 ). In comparison to VS species, NS species had significantly higher values of HV, Amax, and gs (P < 0.05, Table 2 ). Values of Ks, KL, ρsapwood, and LMA were not significantly different between the NS species and VS species. 
Tree Mortality and Recruitment Rate
According to the plot surveys over a five year interval (2012-1017), the six tree species displayed great variation in MR and RR: 34.7-fold (1.0-34.7%) and RR 27-fold (1.3-35.5%), respectively ( Figure 1d ; Table S1 ). Compared with VS species, NS species had significantly higher MR and RR (P < 0.05, Table 2 ). In addition, MR was significantly associated with RR across species (P < 0.05, Table 3 ), which indicates that tree mortality was covaried with recruitment across the six savanna tree species studied. 
Relationship between Tree Performance and Functional Traits
Across the six tree species, MR was significantly associated with P 50leaf , P 50leaf-stem , and HV (p < 0.05, Figure 2b-d) , but was not significantly associated with P 50stem (p > 0.05, Figure 2a ). Meanwhile, RR was also significantly associated with P 50leaf and P 50leaf-stem (p < 0.05, Table 3 ). P 50leaf was significantly associated with ρ sapwood and LMA (p < 0.05, Table 3 ). The association of P 50stem and K s was not significant (p > 0.05, Table 3 ), which indicates that there was no trade-off between hydraulic safety and efficiency.
Given the relationships between hydraulic efficiency and photosynthesis, A max was significantly associated with K L and HV, and a significant association between A max and g s was found across all six species (p < 0.05, Table 3 ). In addition, there was a negatively significant association between K s and ρ sapwood (p < 0.05, Table 3 ).
Given the relationships between hydraulic efficiency and photosynthesis, Amax was significantly associated with KL and HV, and a significant association between Amax and gs was found across all six species (p < 0.05, Table 3 ). In addition, there was a negatively significant association between Ks and ρsapwood (p < 0.05, Table 3 ). 
Principal Component Analysis (PCA)
PCA was used to evaluate how tree performance and functional traits were associated by pooling data across species (Figure 3 ). The first axis of the PCA explained 57.6% of the total variation in traits and tree performance, which was associated with MR, RR, HV, LMA, P50leaf-stem, and P50leaf (Figure 3a) . The second axis of the PCA explained 28.7% of the total variations, along with Ks, P50stem, and Kl (Figure 3a ). PCA analysis for the six tree species indicated that NS species tend to have more negative P50leaf-stem, higher HV values, and higher MR and RR. In contrast, VS species tended to have more positive P50leaf-stem, and lower MR and RR (Figure 3b ). 
PCA was used to evaluate how tree performance and functional traits were associated by pooling data across species (Figure 3 ). The first axis of the PCA explained 57.6% of the total variation in traits and tree performance, which was associated with MR, RR, HV, LMA, P 50leaf-stem , and P 50leaf (Figure 3a) . The second axis of the PCA explained 28.7% of the total variations, along with K s , P 50stem , and K l (Figure 3a ). PCA analysis for the six tree species indicated that NS species tend to have more negative P 50leaf-stem , higher HV values, and higher MR and RR. In contrast, VS species tended to have more positive P 50leaf-stem , and lower MR and RR (Figure 3b ). The abbreviation of functional traits and species codes are shown in Table 1 and Figure 1 , respectively. The hollow and solid circles in Figure 3b indicate the NS species and VS tree species, respectively.
Discussion
In this study, the NS species displayed a higher MR compared with the VS species (Table 2) . This result was consistent with our hypothesis, namely, that VS species have lower drought-induced mortality rates, but NS species adopt risky hydraulic strategies and suffer from higher drought-induced mortality during prolonged seasonal drought. Additionally, MR was significantly associated with P50leaf-stem and P50leaf across species (Figure 2b,c) . These results demonstrated that VS plays a crucial role in drought avoidance or tolerance in VS species; in contrast, NS species with 
In this study, the NS species displayed a higher MR compared with the VS species (Table 2) . This result was consistent with our hypothesis, namely, that VS species have lower drought-induced mortality rates, but NS species adopt risky hydraulic strategies and suffer from higher drought-induced mortality during prolonged seasonal drought. Additionally, MR was significantly associated with P 50leaf-stem and P 50leaf across species (Figure 2b,c) . These results demonstrated that VS plays a crucial role in drought avoidance or tolerance in VS species; in contrast, NS species with higher MR displayed a higher RR compared with VS species, which was associated with photosynthesis ( Figure 3 ; Table 3 ).
Tree Mortality Was Related to Vulnerability Segmentation
Our site has a distinct seasonality of precipitation, with a total annual precipitation of 732.8 mm, but only 20% falls from November to April ( Figure S1 ). The soil water content decreased sharply from November and dropped to below 10% by the end of the dry season (March) ( Figure S1 ). A seasonal drought of six months has been suggested to put a selective pressure on the differentiation of hydraulic and growth strategies [20] . Our results suggested that VS plays a crucial role in drought avoidance or tolerance in VS species, in contrast, NS species with high mortality rates and fast regeneration, adopt risky hydraulic safety strategies and exhibit high hydraulic conductivity and photosynthesis rates. To our knowledge, this study is the first to identify the difference in drought-induced tree mortality between NS and VS species.
In this study, MR was significantly associated with P 50leaf-stem and P 50leaf , but not associated with P 50stem across species (Figure 2a-c) . This result is somewhat inconsistent with previous results obtained with subtropical tree saplings [45] and insular pines [46] . We emphasized the importance of VS in tree mortality, which indicated the distinct hydraulic strategies between VS and NS species. Three VS species exhibited positive P 50leaf-stem values (Figure 1c ), accordingly, their leaves were more vulnerable to drought-induced cavitation than the stems. VS species generally displayed more conservative hydraulic strategies such as strong stomatal regulation and leaf shedding at the beginning of drought [13, 20] . More vulnerable leaves may act as "safety valves" to protect the hydraulic safety of stems and trunks under midday or seasonal drought [13, 15, 26] . With respect to "safety valves" of more vulnerable leaves, we concluded that hydraulic VS between leaves and distal branches play an important role in hydraulic safety and survival under prolonged seasonal drought. The VS species L. coromandelica exhibited strong stomatal regulation and sacrificed the "cheaper" and more vulnerable leaves to maintain the hydraulic safety of the more carbon-costly stems from the beginning of seasonal drought [20] . This result supported the role of hydraulic VS in maintaining hydraulic safety for VS species. On the other hand, NS species have been suggested to exhibit risky hydraulic strategies as they lack "safety valve" roles and obvious stomatal regulation from embolism-resistant leaves [22, 33, 47] . When NS species were exposed to severe or prolonged drought, persistent excess water demand due to evaporation and transpiration exceeded the water supply [36] , which subsequently resulted in catastrophic hydraulic failure when excess embolism via air seeding occurred in the xylem [5, 8, 11] . Terminthia paniculata, one of the NS species in this savanna, shed leaves until peak drought after sacrificing some top shoots and all of the leaves attached to these branches [20] . We speculated that high MR in three NS species resulted from the catastrophic hydraulic failure during a long seasonal drought.
No significant association between MR and ρ sapwood was found in our study (Table 3 ) and our results were not consistent with the strong tendency that tree species with low wood density are at greater risk of drought-induced mortality [48] . Two explanations for the inconsistent results are suggested. First, it is suggested that species with dense wood may exhibit large declines in water potential, and therefore, are subject to more extensive embolism in the xylem, and low hydraulic safety. In contrast, species with low wood density display strong stomatal regulation and maintain a high leaf water potential [5] . Second, wood density may not be an indicator of tree growth and survival [45, 49] . Wood is a complex component of the vessels, fiber area, and parenchyma cells [49, 50] , and in addition Forests 2019, 10, 697 9 of 13 to water transport, wood also provides mechanical strength [51, 52] . Plants may develop wood traits for comprehensive adaptation to a selective pressure.
P 50leaf in the NS species was significantly more negative than in the VS species. Moreover, P 50leaf was significantly associated with LMA (P < 0.05, Table 3 ). Our results indicate that NS species develop more embolism-resistant leaves than VS species. A lower specific leaf area (higher LMA) indicated a higher resistance to drought [48, 53] . A higher LMA can keep the stomata open and promote photosynthesis during mild and moderate drought [23] . However, NS species lack "safety valves" and obvious stomatal regulation from embolism-resistant leaves, which induces excess embolism in xylem [33, 47] . Under a long seasonal drought, a risky hydraulic strategy results in the catastrophic hydraulic failure of more vulnerable stems and trunks, and even tree mortality.
Hydraulic Traits and Photosynthesis
It is widely noted that efficient water supply in leaves is closely associated with photosynthesis and growth [40, [54] [55] [56] . The specific hydraulic conductivity in sapwood was not higher in the NS species than in the VS Species ( Table 2 ; Table S2 ). The NS species made architectural adjustments to increase sapwood area per unit leaf area (higher HV), which improves stem water transport capacity to the distal leaves [57, 58] .
Under optimal conditions, higher K L allows the leaves to maintain higher leaf water potential and g s , and subsequently maintain greater photosynthesis rates [54, 56, 59] . In this study, K L was significantly positively correlated with A max (Table 3) , representing a coordination of hydraulics and photosynthesis, which is consistent with previous results [40, 54] . NS species tend to adopt risky water-use efficiency and maintain a higher photosynthetic carbon gain [22, 23, 47] . In the dry-hot valleys, even during the middle of the rainy season, when soil water is abundant, the midday air temperature is 28-35 • C ( Figure S1 ) and the leaf-to-air vapor pressure deficit (VPD) is 1.5-2.5 Kpa in the morning, however, the VPD can reach more than 3.5 kP at noon, even during the rainy season (data not shown). Previous studies have suggested that high VPD significantly affects stomatal behavior and photosynthetic water use efficiency [40] . Higher photosynthetic carbon gain also promotes rapid growth during rainy seasons. To a large extent, higher RR in NS species can be attributed to a higher capacity of photosynthetic carbon uptake. However, RR are also related to flower and seed production and fecundity of the plants [60] . Further studies are needed to test the associations of plant recruitment, hydraulic traits, and reproductive strategies.
Conclusions and Implications
Based on a comparable study of tree performance and hydraulic traits, we found evidence that VS plays a crucial role in drought avoidance or tolerance in VS species. In contrast, NS species have high mortality rates and fast regeneration, adopts risky hydraulic safety strategies, and exhibit a high photosynthesis rate. The present study emphasized the importance of VS in maintaining hydraulic safety for VS species. Furthermore, high mortality and fast regeneration in NS species may be another hydraulic strategy in regions where prolonged seasonal drought is frequent. Although NS species have fast regeneration in the dry-rainy season cycles, three of the NS species in this study were small trees or shrubs (Table S1 ). It has been suggested that most forest trees are at risk of drought-induced mortality due to narrow hydraulic safety margins [8] . In future, more extensive, severe, or frequent drought may induce global forest dieback [2] and substantial tree mortality may become a consequence of the extreme droughts under global climate change [61] . Moreover, larger trees may be at a larger risk of drought-induced mortality [62] . In the dry-wet cycles, both NS species and VS tree species may face mortality during droughts, and recruit in suitable growth conditions. However, NS species may display an advantage of regeneration over VS species under dry-wet circles. This regeneration may promote the growth of more small trees and shrubs during extreme drought events, with an obvious decline in biomass and ecosystem carbon storage in seasonal forests.
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